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CpG methylation of the human T-cell leukemia virus type 1 (HTLV-1) long terminal repeat (LTR) has been
implicated in proviral latency, but there is presently little information available regarding the pattern of LTR
methylation and its effect on viral gene expression. To gain insight into the mechanisms of HTLV-1 latency, we
have studied methylation of individual CpG sites in the U3-R region of the integrated proviral LTR by using
bisulfite genomic sequencing methods. Surprisingly, our results reveal selective hypermethylation of the 5’
LTR and accompanying hypomethylation of the 3’ LTR in both latently infected cell lines and adult T-cell
leukemia (ATL) cells having a complete provirus. Moreover, we observed a lack of CpG methylation in the
LTRs of 5’-defective proviruses recovered from ATL samples, which is consistent with the selective hypom-
ethylation of the 3" LTR. Thus, the integrated HTLV-1 provirus in these carriers appears to be hypermethy-
lated in the 5’ LTR and hypomethylated in the 3’ LTR. These results, together with the observation that
proviral gene expression is reactivated by 5-azacytidine in latently infected cell lines, indicate that selective
hypermethylation of the HTLV-1 5’ LTR is common both in vivo and in vitro. Thus, hypermethylation of the
5" LTR appears to be an important mechanism by which HTLV-1 gene expression is repressed during viral

latency.

Human T-cell leukemia virus type 1 (HTLV-1), the first
human pathogenic retrovirus isolated, is the etiologic agent
of adult T-cell leukemia (ATL), tropical spastic paraparesis/
HTLV-1-associated myelopathy, and HTLV-1 uveitis. HTLV-
1 is mainly transmitted through breastfeeding, and a long la-
tency period precedes development of these diseases, which
occur in carriers during middle or older age (12, 18, 28, 29, 33,
34, 42, 44).

HTLV-1-infected cells in the peripheral blood rarely express
viral genes. Detection of HTLV-1 transcripts in peripheral
blood mononuclear cells (PBMC) by reverse transcriptase
PCR (RT-PCR) showed low levels of virus expression that are
independent of the number of circulating HTLV-1-infected
cells of asymptomatic carriers and tropical spastic paraparesis/
HTLV-1-associated myelopathy patients (11, 13). Further-
more, fresh ATL cells do not express viral antigens until they
are cultured in the presence of fetal calf serum, when in some
cases ATL cells become positive for viral antigens (9, 17, 43) or
viral transcripts (11, 22). However, the possibility that viral
transcripts are derived from contaminating untransformed
HTLV-1-infected cells was not ruled out. Thus, it appears that
most HTLV-1-infected cells in vivo harbor a provirus that is
transcriptionally silent. A recent study of an infection model
using squirrel monkeys (Saimiri sciureus) revealed transient

* Corresponding author. Mailing address: Division of Pathology,
Department of Cancer Research, Institute of Medical Science, Uni-
versity of Tokyo, 4-6-1 Shirokanedai, Minato-ku, Tokyo 108-8639, Ja-
pan. Phone: 81-3-5449-5298. Fax: 81-3-5449-5418. E-mail: tnabe@ims
.u-tokyo.ac.jp.

9389

expression of tax/rex mRNA and early induction of latency,
suggesting that primary HTLV-1 infection consists of a first
transient step of reverse transcription and viral expression,
followed by a latency of HTLV-1-bearing T cells (21). These
observations collectively suggest that latent infection may be
the norm for HTLV-1 in vivo. However, the mechanisms for
HTLV-1 latency remain to be characterized.

CpG methylation has been implicated in the silencing of
integrated proviral genomes (15, 20) as well as in the regula-
tion of many imprinted genes (27). Moreover, demethylation
induced by a potent inhibitor of DNA methyltransferase,
S-azacytidine (5-AzaC), reactivates proviral gene expression in
a model of retroviral latency (31). For HTLV-1, methylation of
proviral DNA has been studied by Southern blotting with
methylation-sensitive restriction enzymes. CpG methylation
was demonstrated in ATL cells (5, 23) and in an infected T-cell
line, MT-4 (37). Importantly, treatment with 5-AzaC induced
HTLV-1 gene expression in MT-4 cells (7, 37), while in vitro
DNA methylation by Hpall or SssI methylase was shown to
suppress the basal promoter activity of the HTLV-1 long ter-
minal repeat (LTR) as well as responses to activating stimuli
(3, 36). Thus, suppression of LTR promoter activity by CpG
methylation appears to be involved in HTLV-1 latency. How-
ever, due to technical limitations, the pattern of CpG methyl-
ation within an integrated proviral LTR has not been explored.
Consequently, it is not yet known whether LTR promoter
activity is determined by methylation of specific CpG sites or,
alternatively, by the density of methylation.

To gain insight into the mechanisms of HTLV-1 latency, we
characterized the methylation status of each CpG site in the
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TABLE 1. Nucleotide sequences of 5’ flanking DNAs

Sample 5’ flanking sequence” Repetitive sequence

TL-Om1 ——-ACTCATTGTTTTTTATGGCATAGTATCCCATGGTATATATGT-LTR L1

MT-1 ———CCCATTCTGAAGTACTGGGTGTTACACCTTCAACGTATCTTTTTTAGGGGACAAAATT MLT
CAACCCATAACAGATGGCCTTCACATTTAGGAAGAATATCTT-LTR

——-TGGTTTCACATGCCTGGTAGGCCCCGGTTATCAATGAAATACTTCTTTTCTCAAGAT L1

ATGAATTCTTAATTTTACTTTGAACTTAAATTAACATTAACAGATAATGTACGTGTAG
TACAGAAAGAGAATGCAGGCAAGCAAAAACAAAATGAACATAAC-LTR

ATL case 1 ——-CAGACAGTAAATCTTGAGATGTAGAGATGAAGAAGGGTCGGGGGAATGTTTCTTGG AluSx

TATAATTTAGACTAAAGGCAGGTATAAACTTTGTTTTGGAGATTTTGGATTGACTGTC
TCCATGGTCCTGAATCCCAGGGCCAATCAGAGGCAAAACTGAAA-LTR

¢ Underlining indicates the sequences used for primers in the bisulfite genomic sequencing analysis.

U3-R region of the LTR by the bisulfite genomic sequencing
method (4). We differentially profiled methylation of CpG sites
in the 5’ and 3’ LTRs of the integrated proviruses, using
latently infected T-cell lines, leukemic ATL cells, and PBMC
of asymptomatic carriers. The results revealed for the first time
a selective methylation pattern of the 5" and 3’ LTRs in the
infected cells in vitro and in vivo: hypermethylation of the 5’
LTR versus hypomethylation of 3" LTR. Since 5-AzaC treat-
ment reactivated proviral gene expression in latently infected
cell lines, the 5'-LTR-selective hypermethylation appears to be
involved in silencing HTLV-1 gene expression. Our results
raise interesting questions regarding the mechanisms that con-
trol differential methylation of the two LTRs of integrated
HTLV-1 proviruses and also regarding the possible promoter
activity of the hypomethylated 3" LTR that require reevalua-
tion of the promoter insertion model in HTLV-1 leukemogen-
esis.

MATERIALS AND METHODS

Cells. HTLV-1-infected cell lines include MT-1 and TL-Om1, which were
kindly provided by M. Miyoshi (Kochi Medical School) and by K. Sugamura
(Tohoku University School of Medicine), respectively. Sez, ATL-16, and
HUT102 are HTLV-1-infected cell lines that constitutively express virus genes.
The first two of these cell lines were kindly provided by M. Maeda (Kyoto
University), and the third was provided by R. Gallo (University of Maryland).
These cell lines were cultured in RPMI1640 supplemented with 10% fetal calf
serum and antibiotics. PBMC samples were obtained from ATL patients and
asymptomatic carriers. The research followed the tenets of the Helsinki Decla-
ration. Written informed consent for the study was obtained from each partici-
pant.

Nucleotide sequence analysis of the 5’ flanking region by the inverse PCR
technique. The nucleotide sequence of the 5’ flanking region of the integrated
provirus was determined by the inverse PCR method (40). Briefly, genomic DNA
was first digested with Sau3AI and self-ligated with T4 DNA ligase. PCR am-
plification of self-ligated DNA was achieved using the sense primer 5'-CTGAA
GACAAATCATAAGCTCAGACC-3' (nucleotide positions 191 to 216) and the
antisense primer 5'-GAAAAGATTTGGCCCATTGCCTAGG-3" (nucleotide
positions 50 to 26). PCR was performed according to the LA-PCR (Takara,
Kyoto, Japan) protocol of denaturation at 95°C for 30 s followed by annealing
and extension at 68°C for 8 min. After 35 cycles, products were analyzed by 1%
agarose gel electrophoresis. PCR products were subcloned into plasmid
pGEM-T (Promega, Madison, Wis.), and the sequences were determined by
automated DNA sequencing (SQ-5500; Hitachi, Tokyo, Japan). The determined
sequences were confirmed by successful PCR amplification with a sense primer
located in the determined sequence and an antisense primer located in the LTR.

CpG methylation analysis. Methylation of the cytosine residue of the CpG site
was analyzed by the bisulfite genomic sequencing method (4) with slight modi-
fications. Briefly, 5 pg of genomic DNA was used for bisulfite treatment. The
DNA sample in 0.3 N NaOH was heat denatured at 75°C for 20 min, followed by
incubation at 55°C for 5 h in 4.2 M Na,S,05 and 0.5 M hydroquinone. The

sample DNA was purified using the Wizard DNA Clean-Up system (Promega)
and treated with 0.3 N NaOH. DNA was precipitated with ethanol and dissolved
in 50 pl of H,O, and 1/20 of this solution was subjected to PCR amplification
with primers designed to amplify the sense strand of the bisulfite-modified LTR
sequence. PCR was performed according to the touchdown protocol as follows:
three cycles of 94°C for 1 min, 58°C for 1 min, and 72°C for 1 min; three cycles
of 94°C for 1 min, 56°C for 1 min, and 72°C for 1 min; and then 30 cycles of 94°C
for 1 min, 50°C for 1 min, and 72°C for 1 min. The primer pair for nonselective
analysis was as follows, where the nucleotide sequences are described as unmod-
ified ones to facilitate identification of their localization: sense primer, 5'-CAA
TGACCATGAGCCCCAAAT-3' (nucleotide positions 4 to 24); antisense
primer, 5'-CAGTTCAGGAGGCACCACAGG-3' (nucleotide positions 456 to
436). For the analysis of PBMC obtained from asymptomatic carriers, the fol-
lowing antisense primer was used to amplify a shorter fragment: 5'-TTTTTGA
GGTGAGGGGTTGT-3' (nucleotide positions 280 to 261). For the differential
analysis of the 5" LTR, the antisense primer was the same as was used for
amplification of the larger fragment, and the sense primers were prepared from
the nucleotide sequences of the 5’ flanking DNA as indicated in Table 1. For
selective analysis of the 3" LTR sequence, the sense primer was located in pX
region: 5'-ACACCAACATCCCCATTTCT-3" (nucleotide positions 8252 to
8233). Amplified PCR products were subcloned into pGEM-T, and the nucleo-
tide sequences of at least 10 clones were determined.

LA-PCR. The LA-PCR (Takara) system was used to amplify the integrated
provirus sequence according to the manufacturer’s instructions. Using 100 ng of
genomic DNA sample, 35 cycles of a two-step PCR consisting of 94°C for 30 s
and 68°C for 8 min were done. The primers used were as follows: sense primers
5'-CTTTGCTGACCCTGCTTGCTCAACTCAC-3' (nucleotide positions 4 to
28) and 5'-GAGAGGCCTTACAAACTGGAATCACCCTTG-3" (nucleotide
positions 6499 to 6528) and antisense primers 5'-CAAGGGTGATTCCAGTTT
GTAAGGCCTCTC-3' (nucleotide positions 6528 to 5499) and 5'-GTAGAGT
TGAGCAAGCAGGGTCAGGCAAAG-3' (nucleotide positions 8831 to 8860).
Amplified products were analyzed by 1% agarose gel electrophoresis.

Confocal immunofluorescence microscopy. Expression of the Gag protein was
detected by using a laser confocal microscope (Radiance 2000; Bio-Rad). The
primary antibody was anti-p19/27 antibody (Fujirebio), and the secondary anti-
body was fluorescein isothiocyanate-labeled anti-mouse immunoglobulin G an-
tibody.

ELISA. The concentration of p19 Gag protein in the culture supernatant was
measured with the RETRO-TEK HTLV-I/II p19 antigen enzyme-linked immu-
nosorbent assay (ELISA) kit (ZeptoMetrix Corporation, Buffalo, N.Y.) accord-
ing to the manufacturer’s instructions. Triplicate samples were assayed, and the
mean and standard deviation were calculated.

RESULTS

Viral gene expression and CpG methylation of the provirus
LTR in cell lines. To study the relationship between viral gene
expression and CpG methylation of the integrated provirus
LTR, we characterized CpG methylation by the bisulfite
genomic sequencing method (4) and detected viral gene ex-
pression by Northern blot analysis. Viral gene expression was
not detected in MT-1 and TL-Oml cells, whereas viral tran-
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FIG. 1. HTLV-1 gene expression and CpG methylation of LTR in cell lines. (A) Upper panel, Northern blot analysis of HTLV-1 transcripts
in HTLV-1-infected T-cell lines. Samples of 10 g of total RNA were subjected to formalin-agarose gel electrophoresis and blotted onto a nylon
membrane (Biodyne A; Pall, Ann Arbor, Mich.). HTLV-1 transcripts were detected with a **P-labeled LTR probe. Positions of 18S and 28S rRNAs
are indicated on the right. Lower panel, photograph of the ethidium bromide-stained agarose gel, showing that equal amounts of RNA were
applied. Lane 1, MT-1; lane 2, TL-Oml1; lane 3, Sez; lane 4, ATL-16; lane 5, HUT102. (B) CpG sites in the U3-R region of the HTLV-1 provirus.
CpG sites are in boldface and numbered from the 5" end of the LTR. Sequences used for primers are indicated by underlining. (C) Levels of CpG
methylation of the HTLV-1 LTR in HTLV-1-infected T-cell lines. Results of bisulfite genomic sequencing coupled with TA cloning are shown.
The methylation status of 10 clones for each sample is presented; methylation of each CpG site is expressed as a filled circle, and unmethylated
sites are shown as open circles. Top, schematic description of CpG sites in the U3-R region studied in this experiment.

scripts were abundantly expressed in Sez, ATL16, and
HUT102 cells (Fig. 1A). We then analyzed the methylation
status of CpG sites in the U3-R region of the HTLV-1 provirus
shown in Fig. 1B. The results showed relatively heavy methyl-
ation in the latently infected cell lines, MT-1 and TL-Oml,
whereas a low level of methylation or almost a total lack of
methylation was found in virus-expressing cell lines (Fig. 1C).
In MT-1 and TL-Om1 cells, 128 and 130 out of 240 CpG sites,
respectively, were methylated. On the other hand, in Sez, ATL-
16, and HUT102 cells, only 48, 4, and 6 out of 240 CpG sites,
respectively, were methylated. Other characteristics were also
noted. First, all CpG sites in a single PCR-amplified copy
tended to show a uniform methylation or hypomethylation
pattern. Second, almost uniformly methylated copies consti-
tuted about half or more of the analyzed ones in TL-Om1 cells
and MT-1 cells. Specifically, in both cell lines, 6 out of 10
copies had fully methylated CpG sites or fewer than three
unmethylated sites, whereas in Sez cells 8 out of 10 copies and
in ATL16 and HUT102 cells all copies had fewer than three
methylated CpG sites (Fig. 1B). These results collectively show
an inverse correlation between the levels of CpG methylation
and virus gene expression and provide support for the idea that
CpG methylation of the LTR is involved in suppression of
HTLV-1 expression, as reported previously (36, 37).

Selective CpG methylation of the 5" LTR of the integrated
HTLV-1 provirus in latently infected cell lines. The results
described above raised the possibility that each LTR may be
differentially methylated. Therefore, we tried to characterize
CpG methylation of the two LTRs independently. To enable
the differential analysis of the 5’ LTR, we determined the 5’
flanking DNA sequences of the integrated provirus by using
the inverse PCR technique (40). TL-Oml cells have 1 copy of
integrated provirus, whereas MT-1 cells have 10 copies, based
on the Southern blot analysis. MT-1 cells were also shown to
have only two copies of apparently complete provirus (data not
shown). Inverse PCR using an LTR primer pair amplified two
and five fragments from DNA samples of TL-Omland MT-1
cells, respectively (data not shown). Nucleotide sequence anal-
ysis of these fragments clearly demonstrated that one of the
fragments was derived from the pX 3'-LTR region and re-
vealed one DNA sequence flanking the 5" LTR from TL-Om1
and four from MT-1. Sequences that flank defective proviruses
were discriminated from those flanking complete ones by PCR
analysis with sense primers located in the flanking sequence
and antisense primers in the LTR or gag region. Two se-
quences from MT-1 were thus confirmed to flank the 5" LTR
of the complete provirus (Table 1). We then analyzed these
nucleotide sequences by using the BLAST program and found
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FIG. 2. Selective hypermethylation of the 5' LTR in latently in-
fected cell lines. (A) Results of 5'-LTR-selective bisulfite genomic
sequencing analysis. After bisulfite modification, sample DNA was
amplified with a sense primer located in the 5 flanking sequence of the
HTLV-1 provirus. Results for the single provirus in TL-Om1 cells and
for two complete proviruses in MT-1 cells are shown. Methylated and
unmethylated CpG sites are shown as filled and open circles, respec-
tively. (B) Results of 3'-LTR-selective bisulfite genomic sequencing
analysis. After bisulfite modification, sample DNA was amplified with
a sense primer located in the pX region. Methylated CpG sites are
shown as filled circles, and unmethylated CpG sites are shown as open
circles.

that all of the sequences are human repetitive sequences. The
sequence of TL-Om1 and one of MT-1 were homologous to
LINEL1, and the other of MT-1 was homologous to the MLT
(39) (Table 1). These results are in line with a previous report
indicating that HTLV-1 frequently integrates into repetitive
sequences (45).

We then characterized CpG methylation of the 5 LTR
U3-R region with sense primers located in the 5’ flanking
DNA. The results demonstrated almost complete CpG meth-
ylation of the 5" LTR U3-R region in TL-Om1 and MT-1 cells,
with the exception of two copies from the latter (Fig. 2A). We
next analyzed CpG methylation of the 3" LTR by using a sense
primer located in the pX region. In clear contrast to the results
described above, the 3" LTRs of TL-Om1 and MT-1 cells were
completely unmethylated, with exceptional copies having a sin-
gle methylated CpG site in TL-Oml cells (Fig. 2B). These

J. VIROL.

results demonstrate for the first time that in latently infected
cell lines the integrated HTLV-1 provirus exhibits a differential
pattern of LTR methylation. Specifically, the 5" LTR is hyper-
methylated, while the 3’ LTR is unmethylated.

HTLV-1 with a methylated 5’ LTR is reactivated by 5-AzacC.
To examine whether hypermethylation of the 5" LTR sup-
presses proviral gene expression in latently infected cell lines,
we tested reactivation of viral gene expression in these cell
lines by 5-AzaC treatment. Cells were treated with 2.5 uM
5-AzaC or vehicle alone for the indicated periods, and viral
gene expression was examined by RT-PCR, confocal immuno-
fluorescence microscopy, and ELISA. On the second day of
5-AzaC treatment and thereafter, pX transcripts and Gag an-
tigen were detected by RT-PCR and confocal immunofluores-
cence microscopy, respectively (Fig. 3A and B). Production of
p19 Gag protein in the culture supernatants became evident
after 2 days of 5-AzaC treatment when measured by ELISA
and showed a dramatic increase by the fourth day following
treatment (Fig. 3C). Taken collectively, the results suggest that
heavy CpG methylation of the 5’ LTR plays a critical role in
repression of viral gene expression in latently infected cell
lines.

CpG methylation of integrated HTLV-1 provirus LTR in
ATL cells. Selective hypermethylation of the integrated pro-
virus 5’ LTR was next examined with ATL samples to deter-
mine whether hypermethylation of the 5" LTR also occurs in
vivo. Since the HTLV-1 provirus is defective in the 5" region
covering the 5" LTR and gag-pol region in more than half of
ATL cases (41), defects of the provirus in ATL samples were
first examined with the LA-PCR system (Takara). A primer
pair of a sense LTR primer and an antisense env primer can
detect defects in the 5’ region of the provirus, while a primer
pair of a sense env primer and an antisense LTR primer can
detect the 3’ region that remains even if the provirus is defec-
tive (Fig. 4A, top). Of 11 ATL samples, only 4 were shown to
have a complete provirus, whereas the other 7 had defects in
the 5" region (Fig. 4A). Analysis of LTR methylation with
primers located in the LTR was carried out, which is indis-
criminate of 5" and 3’ LTRs. Representative results for a
sample with a complete provirus and one with a defective
provirus are shown in Fig. 4B, which shows methylation of
CpG sites of 10 amplified copies. In a sample with a complete
provirus (sample 2 in Fig. 4C), four copies had no or one
unmethylated CpG site and four copies were totally unmeth-
ylated. In contrast, a sample with a defective provirus (sample
9 in Fig. 4C) had 8 copies with totally unmethylated CpG sites,
and only 2 CpG sites in 10 copies each having 24 CpG sites
were methylated. These results are summarized in Fig. 4C,
where levels of methylation at each CpG site in 10 copies are
shown. Although the results are by no means absolute, signif-
icantly heavy CpG methylation was observed in four cases with
a complete provirus, whereas very low levels of methylation
were observed in seven cases with a defective provirus. These
results are consistent with, and appear to reflect, a lack of CpG
methylation at the 3" LTR.

Selective CpG methylation of the 5’ LTR of the integrated
HTLV-1 provirus in ATL cells and PBMC of asymptomatic
carriers. Since the results described above suggested to us that
5'-LTR-selective methylation takes place in ATL cells, we next
tried to directly confirm this by using an ATL sample having a
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FIG. 3. Reactivation of HTLV-1 gene expression by the methylation inhibitor 5-AzaC. (A) Detection of viral gene expression by RT-PCR.
HTLV-1 pX mRNA was detected by RT-PCR with a primer pair located in the second exon and pX region. After 30 cycles of amplification,
one-fifth of the products was analyzed by agarose gel electrophoresis. (B) Induction of Gag antigen expression detected by confocal immunoflu-
orescence microscopy with anti-p19/27 antibody. Magnification, X80. (C) Induction of p19 antigen production by MT-1 cells. Levels of p19 antigen
in the culture supernatants were measured with a RETRO-TEK p19 ELISA kit. O.D., optical density. Error bars indicate standard deviations.

single complete provirus and infected cells in the PBMC of
asymptomatic carriers. As described for the analysis of latently
infected cell lines, we determined the nucleotide sequence of
the 5’ flanking region of the ATL sample (case 1), which also
belonged to a human repetitive sequence, AluSx (Table 1). The
sense primer was prepared by using the determined sequence,
and 5'-specific CpG analysis was done. The results revealed
complete methylation of the amplified copies, showing meth-
ylation of all 240 sites (Fig. 5A, upper panel). On the other

hand, analysis of the 3" LTR with a sense pX primer showed a
complete lack of methylated CpG sites out of 240 sites (Fig.
5A, lower panel). These results provide support for the notion
that 5'-LTR-selective CpG methylation also takes place in
HTLV-1-infected cells in vivo.

To eliminate the possibility that the 5’-selective hyper-
methylation may be found only in transformed cells, we next
analyzed proviruses in the PBMC of asymptomatic carriers.
Because fewer than a few percent of the PBMC are infected
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FIG. 4. CpG methylation of the LTR of the HTLV-1 provirus in ATL cells. (A) Long-PCR analysis of the integrated provirus in the ATL cells.
One-fifth of the amplified products was analyzed by agarose gel electrophoresis. Top panel, schematic presentation of the primer locations and the
expected sizes of PCR products. Middle panel, results of LA-PCR of the 5’ region. Bottom panel, results of LA-PCR of the 3’ region.
(B) Representative results of bisulfite genomic sequencing analysis of ATL samples. After bisulfite modification, PCR amplification was done with
a nonselective primer pair located in the LTR U3-R region. Results of one amplification with a complete provirus (case 1) and one amplification
with a defective provirus (case 9) are shown. (C) Summary of results. The level of CpG methylation at each site is expressed as the amount of filled

area of the circle.
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FIG. 5. 5'-LTR-selective hypermethylation of the provirus LTR in HTLV-1-infected cells in vivo. (A) Results of differential analysis of an ATL
sample (case 1). Upper panel, 5" LTR; lower panel, 3" LTR. (B) Results of differential analysis of PBMC samples of asymptomatic carriers. Left
panel, results determined by nonselective analysis; right panel, results determined by 3'-LTR-selective analysis. The antisense primer used in this
study is located upstream from that in the analysis shown in Fig. 2 and amplifies a shorter fragment containing 11 CpG sites.

by HTLV-1 in asymptomatic carriers and PCR amplification
of bisulfite-modified DNA is very inefficient, we used a
primer pair that amplifies smaller fragments. In these sam-
ples, 5'-LTR-selective analysis was impossible, since HTLV-
1-infected cells are polyclonal in asymptomatic carriers.
Thus, in this study we compared the results of nonselective
CpG methylation analysis and those of 3'-LTR-specific anal-
ysis with a sense primer located in the pX sequence as
described above. The nonselective primer pair will yield
results that reflect the CpG methylation status of both
LTRs, whereas the latter will yield those specific for the 3’
LTR. The results with the nonselective primer pair showed
relatively high levels of methylation at each CpG site, with
about half of the copies being methylated at almost all CpG
sites (Fig. 5B, left column). On the other hand, the results of
3'-LTR-selective analysis demonstrated almost complete

demethylation of every CpG site in all copies analyzed,
except for a few with one or two methylated sites (Fig. 5B,
right column). These results indicate that the 5’ LTR is
heavily methylated in HTLV-1-infected cells in the asymp-
tomatic carriers. Taken collectively the results indicate that
selective hypermethylation of the 5’ LTR appears to be the
norm in HTLV-1-infected cells in vivo irrespective of the
state of transformation.

DISCUSSION

In the present study, we demonstrate by selective bisulfite
genomic sequence analysis that selective hypermethylation of
the 5’ LTR and hypomethylation of the 3" LTR are the norm
for the integrated HTLV-1 provirus in vivo. Reactivation of
viral gene expression by 5-AzaC treatment in latently infected
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cell lines with a heavily methylated 5" LTR suggests that CpG
methylation of the 5’ LTR plays a major role in suppression of
provirus expression. Furthermore, hypermethylation of the 5’
LTR in ATL cells with a complete provirus, but not in those
with a 5'-defective provirus, indicates that HTLV-1 is inacti-
vated in transformed cells by CpG methylation or defects in
the 5’ region of the proviral genome.

Suppression of HTLV-1 LTR promoter activity by methyl-
ation in vitro was reported previously with transient-transfec-
tion assays (3, 36, 37). Reactivation of viral gene expression by
5-AzaC treatment was also reported with MT-4 cells (6, 37).
These data suggested the involvement of CpG methylation in
HTLV-1 latency, as observed for other viruses (8, 15, 19, 20,
31, 32). We have confirmed that in vitro methylation of an
LTR-driven luciferase construct results in profound suppres-
sion of basal activities as well as loss of its response to stimu-
lating signals such as Tax (data not shown). Here we showed
that in two latently infected cell lines the 5" LTR is selectively
and highly methylated and that viral gene expression was in-
duced after 2 days by 5-AzaC treatment (Fig. 2A and 3). The
induction kinetics of viral gene expression appeared to con-
form to those of passive demethylation through inhibition of
maintenance methylase Dnmt1, which requires DNA replica-
tion for inducing unmethylated cytosine at the CpG sites (2).
These data, together with previously reported results (3, 5, 7,
36, 37), provide further support for the involvement of CpG
methylation in HTLV-1 latency.

In the present study, we showed for the first time the 5'-
LTR-selective hypermethylation of integrated HTLV-1 provi-
rus in vivo and in vitro, which was based on the differential
characterization of the methylation status of the two LTRs. In
striking contrast, the 3" LTR was almost free from CpG meth-
ylation in all samples studied. To our knowledge, this is the first
report of differential characterization of CpG methylation of
the integrated proviral LTR. Our results are consistent with
those of a previous study in which methylation-sensitive re-
striction enzyme analysis revealed hypomethylation of pX and
the LTR region; however, detailed characterization was not
performed in that work (23).

In the present study, differential analysis of LTR methyl-
ation showed that ATL cells and HTLV-1-infected cells in
the PBMC of asymptomatic carriers have proviral integrants
carrying hypermethylated 5’ LTRs. Thus, we suggest that
this selective methylation is the norm for the HTLV-1 pro-
virus in vivo and that suppression of proviral gene expres-
sion by CpG methylation is one important mechanism for
achieving HTLV-1 latency. The results of the present study
provide support for the notion that the HTLV-1 provirus in
ATL cells is inactivated by hypermethylation of the 5" LTR
or by deletions within the 5’ end of the provirus; such
deletions are observed in more than half of the ATL cases
examined (41). Consequently, it appears that the role of Tax
in the leukemogenesis of HTLV-1-infected T cells is limited
to those early stages of disease when the provirus is intact
and Tax expression induces clonal T-cell proliferation. Thus,
full transformation of virus-infected cells is achieved by
accumulation of genetic events, and at least some of these
events are Tax independent. This multistep leukemogenesis
model is also supported by recent reports that describe
frequent mutations and/or deletions of the integrated
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HTLV-1 provirus in ATL cells and untransformed infected
cells in vivo (10, 30, 35).

Earlier studies showed that the integration sites of the
HTLV-1 provirus are located in repetitive sequences such as
LINE and SINE (25, 26). In line with those reports, the 5’
flanking sequences determined in the present study with the
latently infected cell lines MT-1 and TL-Om1 and also with
an ATL sample were shown to belong to repetitive se-
quences (Table 1). It is interesting that copies of the human
Alu repetitive element are methylated at high levels in hu-
man somatic cells (16, 24), and spreading of methylation
from Alu elements has been suggested to play a causal role
in epigenetic inactivation of some tumor suppressor genes
(1, 14). Thus, the heavy methylation of the 5 LTR could
result from de novo methylation initiated by the flanking
repetitive sequence. However, this mechanism cannot ex-
plain the sparing 3" LTR CpG methylation. Our data indi-
cate that two identical sequences located within 10 kbp are
differentially methylated, and earlier studies showed that a
sequence that is repeated, even if it is not the repetitive
sequence, is a good target of do novo methylation (38).
Therefore, it is reasonable to suppose that there are some
specific mechanisms that make a boundary between the two
LTRs and protect the 3’ LTR from do novo methylation.
Studies of the mechanisms underlying differential methyl-
ation of two LTRs are under way in our laboratory.

In conclusion, we have demonstrated a novel pattern of CpG
methylation for the HTLV-1 provirus, namely, 5'-LTR hyper-
methylation and 3'-LTR hypomethylation, in latently infected
cell lines and HTLV-1-infected cells in vivo. Delineation of the
mechanisms for this differential methylation will provide in-
sights into HTLV-1 latency and the molecular mechanisms of
pathogenicity.
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